Background-Little is known about patterns of kidney function decline leading up to initiation of chronic dialysis.
Conclusions-There is substantial heterogeneity in patterns of kidney function loss leading up to initiation of chronic dialysis, perhaps calling for a more flexible approach toward preparing for end-stage renal disease.
An understanding of illness trajectories preceding a seminal event can help to guide clinical decision-making, to shape goals of care and to anticipate service needs. 1, 2 Trajectories of kidney function before initiation of chronic dialysis may help to clarify the optimal timing of preparatory interventions (e.g., nephrology referral, vascular access placement, transplant referral) and to guide treatment choices and priorities. 34 Prospective studies among patients with non-dialysis dependent chronic kidney disease (CKD) point to substantial heterogeneity in rates of progression to end-stage renal disease (ESRD), defined as initiation of chronic dialysis or receipt of a kidney transplant. [5] [6] [7] [8] [9] [10] [11] [12] Many patients have non-progressive or slowly progressive disease and never reach ESRD. [5] [6] [7] [8] [9] At the opposite extreme, some patients progress rapidly to ESRD as a result of an irreversible episode of acute kidney injury. [10] [11] [12] Only a few studies have described patterns of kidney function loss among patients who have gone on to initiate chronic dialysis. [13] [14] [15] These studies focused primarily on the frequency of acute kidney injury (AKI) at the time of dialysis initiation. To our knowledge, no prior studies have provided a detailed description of the full spectrum of different chronic trajectories of kidney function leading up to dialysis initiation.
We used trajectory modeling to describe trajectories of kidney function over the two year period before initiation of chronic dialysis among members of a large integrated healthcare system. Our goals were to estimate the frequency of different kidney function trajectories, and to define the relationship of these trajectories to patient characteristics, care practices and mortality after onset of ESRD.
METHODS

Patients and Data Sources
We used data from the VA and the United States Renal Data System (USRDS), 16 to identify 6,253 patients aged 18 years and older who initiated chronic dialysis between October 1, 2001 and December 31, 2003 (more recent USRDS data are not currently available for Veteran cohorts) and had at least one serum creatinine measurement at a VA medical center within 45 days of dialysis initiation. Of these, we identified a subset of 5742 (87%) patients with at least two serum creatinine measurements distributed over at least two different quarters during the two year period before dialysis initiation. We excluded a further 136 patients who were missing information on co-morbid conditions in USRDS data sources, yielding an analytic cohort of 5,606 patients. Serum creatinine measurements were obtained from the VA Decision Support System Laboratory Results file (DSS LAR; a record of all laboratory results obtained within the VA system).
We used information from the USRDS Patients' and Medical Evidence files to define patient characteristics and treatment modality at the time of onset of ESRD. 16 Measures of healthcare utilization during the two year period before initiation of chronic dialysis were ascertained from VA administrative files (that include all episodes of inpatient and outpatient care within the VA and outside the VA if paid for by the VA) and from Medicare inpatient and outpatient claims for patients eligible for Medicare. Urine protein dipstick measurements were obtained from the VA Corporate Data Warehouse and death data were obtained from the VA Vital Status File, a comprehensive source of death data for Veterans. 17 
Predictor variable
As described in greater detail in the analysis section, groups of patients with similar trajectories of estimated glomerular filtration rate (eGFR) during the two year period before initiation of chronic dialysis (defined as the first ESRD service date from USRDS) were identified using trajectory modeling. In order to characterize each patient's chronic eGFR trajectory, we modeled their median eGFR during each successive quarter preceding dialysis initiation based on all available inpatient and outpatient serum creatinine measures within the VA. Glomerular filtration rate was estimated using the four-variable Modification of Diet in Renal Disease (MDRD) Study equation based on age at the time of serum creatinine measurement, race, and gender. 18 
Study Outcomes
We examined the association of eGFR trajectory with patient characteristics, care practices and mortality after dialysis initiation as follows:
Patient characteristics-Patient characteristics included age, race (white, black, and other), gender, co-morbid conditions (diabetes, ischemic heart disease, congestive heart failure, stroke, peripheral arterial disease, pulmonary disease and cancer), functional status (able to transfer or ambulate), listed cause of ESRD (diabetes, hypertension, glomerulonephritis, cystic diseases, urologic, acute tubular necrosis, hematologic malignancy, "other", and unknown), number of hospitalizations, and percentage of patients and proportion of hospitalizations with an inpatient diagnostic code for AKI and (ICD-9 codes 584.5-584.9). We also characterized each patient's level of proteinuria based on the results of their most recent urine dipstick assessment prior to dialysis initiation.
Care practices-Care practices included whether, when, and how often each patient had an outpatient visit to a nephrologist during the two year period before dialysis initiation, whether patients who initiated hemodialysis had undergone a permanent vascular access procedure (graft or fistula), whether dialysis was initiated in the hospital, and if so, whether there was a diagnostic code for AKI associated with that hospitalization, each patient's most recent eGFR within 45 days of dialysis initiation as reported to USRDS, and first dialysis modality (center hemodialysis vs. peritoneal dialysis or home hemodialysis).
Mortality after dialysis initiation-For each group defined by trajectory modeling, we estimated the adjusted hazard for death after dialysis initiation. Death data were ascertained through July 4, 2011.
Analysis
In contrast with traditional longitudinal models which are designed to describe average effects, trajectory modeling can be used to identify distinct patterns of change within a population and to estimate each individual's probability of assignment to each trajectory identified. 1, 19, 20 We used trajectory modeling to identify distinct patterns of eGFR before dialysis initiation among cohort patients. Trajectory modeling was implemented using the SAS procedure PROC TRAJ (which fits a semi-parametric (discrete) mixture model to longitudinal data with the use of the maximum-likelihood method) using a censored normal model. 19, 20 Because this procedure could not accommodate the large amount of variability in the timing and frequency of serum creatinine measurements obtained in the clinical setting, we modeled the trajectory of each patient's median quarterly eGFR. The Bayesian information criterion (BIC) was used to test models with up to six trajectories and to determine whether each trajectory was best fit by intercept only (i.e., constant) or by linear, quadratic, cubic or higher level polynomial terms. 19, 20 Among models with similar performance based on the BIC, we preferentially selected the model with the greater number of trajectories. Patients were assigned to the trajectory group for which they had the maximum estimated probability of assignment. An assignment probability of 0.9 or greater was considered to be an excellent fit and 0.7 or less a poor fit. 1, 2 We assessed the face validity of trajectory assignments based on median quarterly eGFR as follows: 1) we used a repeated measures linear mixed model to estimate each patient's eGFR slope based on all inpatient and outpatient serum creatinine measures during the two year period before dialysis initiation; 2) we fitted locally weighted scatterplot smoothing (LOWESS) curves to all eGFR measures for randomly selected patients in each trajectory group; and 3) we graphed individual trajectories based on all serum creatinine measures for randomly selected patients in each trajectory group.
We used logistic regression analysis to measure the adjusted association of trajectory group with binary patient characteristics and care practices at the time of onset of ESRD or during the preceding two year period. These analyses were adjusted for patient demographics, comorbid conditions at dialysis initiation and listed cause of ESRD. For each trajectory group, we estimated median survival using the Kaplan-Meier product limit method. We used a Cox proportional hazards model to evaluate the association of eGFR trajectory with survival after dialysis initiation after adjustment for patient characteristics at onset of ESRD and care practices before and at this time. Hazard ratios are presented for discrete time periods during follow-up in order to accommodate a violation in the proportional hazards assumption for the primary predictor variable.
Sensitivity analyses
We performed the following sensitivity analyses to test the robustness of study findings. To determine whether differences in the frequency of serum creatinine measurements may have influenced study results, we repeated the primary analyses after stratification by number of serum creatinine measurements (by quartile). We also repeated the primary analysis among cohorts with a minimum of 3 serum creatinine measurements in 3 different quarters within one and two years before cohort entry, respectively. Analyses were performed with the use of SAS (version 9.2) and Stata (version 11.1, StataCorp, College Station, TX) statistical software.
Results
Among the 5,606 cohort members, there were a median of 20 (25 th -75 th percentile, 12-34) serum creatinine measurements during the two year period before dialysis initiation. On average, patients had at least one serum creatinine measurement in 5 of the 8 quarters before dialysis initiation. The median eGFR slope for all cohort members was 10 (25 th -75th percentile, 5.8 to 16.6) ml/min/1.73 m 2 per year. We identified four distinct trajectories of eGFR among cohort members ( Figure 1 , Table 1 ). Most patients (62.8%) had persistently low levels of eGFR below 30 ml/min/1.73 m 2 (Group 1). These patients had a mean eGFR slope of 7.7 ±4.7 (SD) ml/min/1.73 m 2 per year. A further 24.6% of patients had progressive loss of eGFR from levels around 30-59 ml/min/1.73 m 2 (Group 2). These patients had a mean eGFR slope of 16.3 ±7.6 ml/min/1.73 m 2 per year. A further 9.5% of patients had accelerated loss of eGFR from levels above 60 ml/min/1.73 m 2 (Group 3). These patients had a mean eGFR slope of 32.3 ±13.4 ml/min/1.73 m 2 per year. Finally, 3.1% experienced catastrophic loss of eGFR from levels above 60 ml/min/1.73 m 2 within six months or less and had a mean eGFR slope of 50.7 ±30.4 ml/min/1.73/m 2 per year (Group 4). Trajectories of median quarterly eGFR corresponded well with LOWESS curves generated using all eGFR values from a random sample of patients in each trajectory group ( Figure 2 ) and with eGFR trajectories for individual patients (Figure 3 ). There was substantial intraindividual variability in eGFR values around long-term eGFR slopes. This was especially true for those with the most rapid loss of eGFR, even when comparing patients with similar numbers of serum creatinine measurements (results not shown).
Patients with more rapid loss of eGFR were younger but there were not large differences in the racial and gender composition of trajectory groups ( Table 2 ). The prevalence of all comorbid conditions except cancer was highest for Group 2. During the two year period before initiation, patients with more rapid loss of eGFR were hospitalized more often and were more likely to have a diagnosis of AKI while hospitalized. Patients with accelerated or catastrophic loss of eGFR (Groups 3 & 4) were less likely than the other groups to have ESRD due to diabetes or hypertension, and more likely to have ESRD due to acute tubular necrosis, multiple myeloma/light chain nephropathy, "other" or unknown causes. Heavy proteinuria was most common among patients with slower loss of eGFR, but was common in all groups.
Nephrology care practices differed substantially by trajectory group (Table 3) . Patients with more rapid loss of eGFR were less likely to have seen an outpatient nephrologist within two years before dialysis initiation, less likely to have a permanent vascular access, more likely to initiate dialysis in the hospital, more likely to have an eGFR ≥ 15 ml/min/1.73 m 2 and to have an inpatient diagnosis of AKI at initiation, and more likely to receive in-center hemodialysis as their first modality. In analyses adjusted for patient characteristics, there were statistically significant trends across trajectory groups in age ≥75 years, heart failure, pulmonary disease, inability to ambulate or transfer, diabetes or hypertension as cause of ESRD, heavy proteinuria, hospitalization, AKI as well as all care practices examined (Table  4) . (Figure 4 ). After adjustment for patient characteristics and care practices, patients with more rapid loss of eGFR before dialysis initiation were at increased risk of death during the first year after initiation, but not over longer periods of time (Table 5) . Results were similar in all sensitivity analyses.
Discussion
Among members of a large integrated health system, there was a substantial degree of heterogeneity in patterns of eGFR loss during the two year period leading up to initiation of chronic dialysis. Trajectories of eGFR before dialysis initiation were strongly associated with care practices at and before the time of initiation, and with mortality during the first year after initiation.
To our knowledge this is the first study to comprehensively describe patterns of eGFR loss preceding initiation of chronic dialysis. Most prior studies have focused on the frequency of AKI at the time of ESRD onset, and suggest that approximately 10-20% of patients present at this time with acute or acute-on-chronic kidney injury. [13] [14] [15] Other studies have described a higher risk of subsequent ESRD in patients who survive an episode of AKI, particularly among those with pre-existing chronic kidney disease. 12, [21] [22] [23] We observed substantial heterogeneity in pre-dialysis eGFR trajectories among members of this cohort of incident chronic dialysis patients. Two thirds of cohort members had eGFR levels that were under 30 ml/min/1.73 m 2 for at least two years before initiation, one in four had progressive loss of eGFR from levels around 30-59 ml/min/1.73 m 2 , one in ten had accelerated loss of eGFR from levels above 60 ml/min/1.73 m 2 and 3% had catastrophic loss of eGFR within six months or less from levels above 60 ml/min/1.73 m 2 . In many instances, chronic eGFR trajectories were punctuated by one or more inpatient diagnoses of AKI occurring both at and before the time of ESRD onset. While more common in patients with more rapid loss of eGFR, inpatient diagnoses of AKI were also common among patients with slower rates of eGFR decline.
Rates of recommended pre-ESRD care (e.g., nephrology referral, vascular access placement) were substantially lower for patients who progressed more rapidly. That this pattern was not limited to those patients who presented with catastrophic loss of eGFR seems to suggest that rapid loss of kidney function prior to dialysis initiation (and/or conditions and circumstances contributing to more rapid loss of kidney function) may represent a significant barrier to optimal ESRD preparation among patients with advanced kidney disease. At present, the timing of most clinical interventions for patients approaching the need for chronic dialysis is guided primarily by level of eGFR. 4, 24 This approach --which assumes that patients will lose kidney function at a similar and predictable rate over time and will require equivalent periods of time to prepare for ESRD --does not account for the substantial heterogeneity in rates of progression to ESRD observed among members of this cohort. For example, even if we exclude patients with catastrophic loss of eGFR (for whom pre-ESRD planning may not be feasible), the time between arrival at an eGFR of 20 ml/min/1.73 m 2 --the eGFR threshold below which patients can accrue time on the kidney transplant wait list -and dialysis initiation was approximately 18 months for patients with persistently low levels of eGFR (Group 1), six months for patients with progressive loss of eGFR (Group 2), and less than two months for patients with accelerated loss of eGFR (Group 3). eGFR levels approximately six months before dialysis initiation --the minimum time period recommended for AV fistula placement and maturation --was < 15 ml/min/1.73 m 2 for patients with persistently low levels of eGFR (Group 1), around 20 ml/min/1.73 m 2 for patients with progressive loss of eGFR (Group 2), and above 30 ml/min/1.73 m 2 for patients with accelerated loss of eGFR. These findings, if confirmed, suggest the need for greater flexibility in timing of ESRD preparation, depending on eGFR trajectory.
At the same time, our study also provides insights into some of the challenges involved in preparing patients with CKD for ESRD. While long-term eGFR trajectories may be clear with hindsight, high rates of hospitalized AKI and substantial variability in eGFR around these trajectories may make it difficult to discern long-term trends in eGFR prospectively. Predicting whether and when patients will initiate chronic dialysis is further complicated because many patients with kidney disease will die before reaching ESRD, particularly those with more rapid loss of eGFR. 25, 26 Such survivor bias might explain some of the observed differences between cohort members with differing rates of eGFR loss. For example, patients who experienced more rapid loss of eGFR were younger and had fewer chronic conditions compared with patients who progressed more slowly. We suspect that patients who were sick enough to be losing kidney function this rapidly would have been less likely to survive to the point of initiating chronic dialysis if they were older and had a greater burden of co-morbidity. Finally, high rates of hospitalization during the time leading up to dialysis initiation suggest that many patients may face competing health priorities related to acute illness or deteriorating health status at a time when preparation for dialysis would ordinarily be recommended.
Our study has several limitations. First, results may not be generalizable to groups not well represented in our population, particularly women. Second, information on co-morbid conditions, dialysis modality and listed cause of ESRD were obtained from USRDS as these data elements are prospectively and systematically ascertained at onset of ESRD. However, it should be noted that while these data are specific, they are a relatively insensitive source of information about co-morbid conditions. 27 Third, because more recent data linkage to the USRDS registry are not available for Veteran cohorts, we were not able describe eGFR trajectories for patients who started chronic dialysis in more recent years. We also were unable to examine pre-dialysis eGFR trajectories beyond two years before initiation as serum creatinine measures are not available in national VA data sources prior to October 1, 1999.
In conclusion, we observed substantial heterogeneity in patterns of eGFR loss during the two year period before initiation of chronic dialysis. Patients who progressed more rapidly were more likely to have a hospital diagnosis of acute kidney injury and were less likely to have received recommended pre-ESRD care. These findings spotlight the substantial challenges involved in optimally preparing patients for ESRD, and perhaps suggest the need for a more flexible approach toward ESRD planning. Scatter plots of all eGFR measurements during the two year period before dialysis initiation for 25 randomly selected members of each trajectory group Individual eGFR trajectories for 10 randomly selected members of each trajectory group Table 1 Information on kidney function during the two year period before cohort entry Patient characteristics at initiation of chronic dialysis by eGFR trajectory group Adjusted association of patient characteristics and care practices with eGFR trajectory group Table 5 Adjusted risk of death over different time periods after dialysis initiation by trajectory group Values shown are djusted hazard for death (95% confidence interval); referent group is Persistently low eGFR (Group 1, n=3,520). EGFR, estimated glomerular filtration rate.
Kaplan-Meier curves showing survival after dialysis initiation by trajectory group
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Adjusted for demographic characteristics, co-morbid conditions, whether the patient could ambulate and transfer, listed cause of ESRD, level of proteinuria (negative, trace, 1+, 2+, 3+, 4+ or missing), whether the patient was hospitalized during the two year period before initiation and whether or not there was a diagnostic code for AKI during one or more admissions, whether the patient was seen by a nephrologist during the two year period before dialysis initiation, whether they underwent a permanent vascular access procedure, whether they initiated dialysis in the hospital, whether they had a diagnosis of AKI at the time of initiation, whether they had an eGFR of 15 ml/min/1.73 m 2 or higher at initiation, and whether they received center hemodialysis as their initial modality.
